This paper reports the local conductivity mapping of graphene films prepared by chemical vapor deposition and mechanical exfoliation with the help of atomic force microscope where a conducting tip scanned the graphene surface with bias voltage. The surface morphology measured by field emission scanning electron microscopy confirmed that domains and wrinkles were formed on graphene samples grown by chemical vapor deposition, and the difference in the amount of current is observed on these domain boundaries and wrinkles. The percolation current path observed in current map explains that graphene grown by the chemical vapor deposition has low conductivity compared with one mechanically exfoliated. On the other hand, exfoliated graphene layer showed sign of conductivity differences on step edges and wrinkles in comparison to flat region. The resulting observations can be explained with the help of existing theories regarding graphene and by considering the effect of sample preparation conditions.
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I. INTRODUCTION
The new emerging material graphene has attracted great attention these days because of its unique electronic, optical, thermal, and mechanical properties. Its low optical absorption, high mobility, and atomic scale thickness make it an important candidate for future nano-electronic devices. [1] [2] [3] [4] The high expectations for this material in terms of applications are as field-effect transistors (FETs), transparent electrodes, nanocomposites, and ultrasensitive sensors. [5] [6] [7] [8] [9] So in order to realize these applications, it is necessary to understand the fundamental and applied science of this new material. Already a lot of work both experimentally as well as theoretically has been done even in a short span of time 7, 10 for graphene but a lot still remains for its realization as a substitute to silicon. For example, a detailed study of electronic transport phenomena and its relation to structure of the material is required at nano scale, while the earlier reported studies are almost related to the measurements on larger scale. 11 Therefore, techniques to clarify the relationship between structure and electronic properties are required to be investigated.
The surface morphology analysis has been done by using field emission scanning electron microscopy (FE-SEM) and Raman spectroscopy has been employed to confirm the thickness of graphene layer. On the other hand, scanning probe microscopy such as scanning tunneling microscopy (STM) or atomic force microscopy (AFM) techniques proved to be very useful for these kinds of studies.
12-18 But as we know AFM can be used with any type of surfaces differently from STM that has some difficulties in mapping conductivity across step edges or wrinkles because of constant height or current mode technique. 16 However, the local conductivities on the edges and wrinkles of graphene are our main concerns. Therefore, the conductive atomic force microscopy (C-AFM) is well suited for mapping the local electronic properties ranging from nano to micrometers length scale of graphene. In this work, attempts were made to analyze the conductivity differences on wrinkles and edges formed during preparation of graphene film as compared with the flat graphene surface and also to check the percolation current paths on adjacent domain regions. These local current path variations on its surface are required to be studied in order to apply the graphene layer as a transparent conductive electrode. 19 
II. EXPERIMENTAL
Graphene films were prepared by chemical vapor deposition (CVD) technique and mechanical exfoliation of highly oriented pyrolytic graphite (HOPG). For CVD, the graphene films were grown on Cu foils (0.025 mm thick, 99.8% purity, Alfa Aesar, item no. 13382) at 950 C in a furnace with a 22 mm inner diameter fused silica tube. The total flow rate of Ar=H 2 was maintained at 250=100 SCCM (SCCM denotes cubic centimeter per minute at standard temperature and pressure) and 50 SCCM of CH 4 was adopted as carbon source. The growth time was kept for 30 min, and after the growth, graphene films were transferred on to Si=SiO 2 wafer by chemical etching process for the characterization measurements.
For the mechanically exfoliated graphene sample, the well-known scotch tape method was employed on Si wafers covered with 300 nm thick SiO 2 layer. Cr=Au electrodes were fabricated on another wafer by standard photolithography technique, and the exfoliated graphene was transferred to cover the electrode partially by using PMMA film. 19 The thickness of each graphene film was characterized by Raman spectroscopy (RENISHAW, 633 nm), and for surface morphology analysis an FE-SEM (HITACHI S-4700) was used. All the electrical conductivity measurements were performed using a commercial AFM (n-Tracer, Nanofocus Inc.). The C-AFM involves a metal coated tip, and the sample surface was scanned in contact-mode. The probes used were made of silicon having chromium-gold coating (NSC36=Cr-Au) with a radius of curvature of the tip 50 nm, probe elastic constant 0.6 N=m, and resonance frequency 75 kHz. The sample was biased with different voltages to measure the local conductance of the graphene film. All the measurements were performed at room temperature and under ambient conditions. Figure 1 shows the schematic setup employed for our C-AFM current mapping with which the cantilever is made to scan over the surface of interest of graphene layer, which is electrically connected to the applied bias.
III. RESULTS AND DISCUSSION
A. CVD prepared graphene Figure 2 shows the typical FE-SEM image of the transferred graphene layer on to the Si=SiO 2 substrate that clearly shows the formation of wrinkles and domain regions having different shapes and sizes. The formation of wrinkles and domain regions show typical features of CVD grown graphene film. 20 The wrinkles were formed primarily during the cooling phase in the growth process because of the difference in thermal expansion coefficients of graphene film and the substrate. 21 The inset shown in Fig. 2 is the highly magnified image of the same region of graphene film that more precisely gives the evidence of forming domain regions and wrinkles. Wrinkles and edges play an important role in the electronic properties of graphene 22 as here we will analyze with the help of conducting atomic force microscopy (C-AFM) discussed later. It is also observed from Fig. 2 and its inset that there is no sign of uncovered substrate. All the substrate surface is covered with graphene film, confirming the large area growth through CVD technique.
The C-AFM images obtained by using this setup are the topographic and current images of graphene film shown in Figs. 3(a) and 3(b). As observed from Fig. 3(a) , the topography map shows many particles and domain structure that were confirmed with the FE-SEM studies. The particles are supposed to be gathered during transfer process. The inset of Fig. 3(a) is the line profile for topography that shows the non-uniform thickness of the film excepting many particles, which means that some portion of the film is single layer and some as few layer graphene. 23 The different thickness was confirmed with the help of Raman spectroscopy, though it is not presented here was not shown in figures. As observed from current image Fig. 3(b) , the current path is not uniform on whole of the film surface, some domain regions show high conductivity value and some show less current indicated by a solid circle on the current map. The domains highlighted by dashed circles show complete insulation on these parts of the film surface, even though they are also as grown graphene, not the substrate confirmed from the topography as well as lateral force microscopy (LFM) images (Fig. 3(c) highlighted through corresponding circles as on current map). It is also confirmed with the FE-SEM studies discussed earlier. The current value differences on individual domains can be explained by considering two different effects: non-uniform thickness of graphene and insulating grain boundary. (1) The non-uniform thickness of the graphene film leads to difference in the number of layers on some of the domain regions. The multilayer or thick part of the film shows high conductivity as compared to the single layer as we know for single layer, the underlying SiO 2 substrate is believed to influence the local conductivity. 6, [24] [25] [26] However, this effect is not enough to explain zero current for particular grains. (2) The complete insulation highlighted by dashed circles can be attributed to isolation of electrical conductance, which means that some grain boundaries have large resistance and block the electric current. At the grain boundary, two grains are either connected weakly or disconnected completely. If they are connected weakly, the contact resistance may have large value ( kX). 15 If one grain is not connected to other grains at all, no current can pass through it (isolated grain). If some grains (conducting grain) are weakly connected to the next grain, the current can pass through the contact points. For the CVD grown graphene film to be good conductor, most conducting grains need to be connected together forming an infinite cluster. From the percolation theory, the conductivity of the graphene film will be determined by the concentration of isolated grains. The formation of wrinkles within a domain is confirmed from the LFM image Fig. 3(c) , which are not clearly visible in the topographic image. The average height of these wrinkles is around 3 nm and they cause large current fluctuation compared to the flat part of graphene as observed from the line profile of current map in Fig. 3(d) . One can also observe from the line profile that the current is saturated on some domain regions that is more than 100 nA, which is the limit of our C-AFM measurement system. Images contained in Figs. 4(a) and 4(b) show the topography and simultaneously taken current map through C-AFM on other part of the sample, which indicates similar observations as shown in Fig. 3 . One thing here to be, noted is that the conductivity on this part of the sample has better uniformity of current value through each domain region as shown in Fig. 4(b) which is also complemented by the topography map Fig. 4(a) . The average current value is much lower as shown in the inset of Fig. 4(b) than that of Fig. 3(d) , which can be attributed to tip condition. The absolute value of current in C-AFM is dependent on the cantilever and tip condition, which is very sensitive to the tip sharpness and contamination on the tip apex. Dips in conductivity are also observed at the boundary between domains as observed from the line profile of current map, as shown in Fig. 4(b) inset.
The line profile was taken along the line indicated by arrows on the image. As a result, not only the uniformity of graphene film, but also reducing the domain boundary and increasing domain size are crucial to improve the conductivity of the CVD grown graphene for transparent conductive electrode application. 15, 19 
B. Exfoliated graphene
Many studies reported earlier about single crystalline graphene were concerned mainly with non-local electronic properties. [27] [28] [29] In order to analyze the local conductance of the single crystalline graphene, it was prepared by mechanical exfoliation of HOPG (which is a periodic stack of 2D graphene layers). Figure 5 represents the C-AFM images of graphene layer where panels (a), (b), and (c) correspond to the topography, current map, and LFM images taken simultaneously at room temperature and under ambient conditions. The topography Fig. 5(a) does not show a clear picture of the graphene layer but the LFM image Fig. 5(c) gives the evidence of the presence of a graphene layer. It has been known that wrinkles or ridges can be formed on the exfoliated graphene layer. 30 There is an appearance of a crack highlighted by an arrow in the LFM image Fig. 5 (c) on the graphene film, left-hand part of the graphene is separated from the rest of the flake. As this portion of the film is not shown in the current image Fig. 5(b) highlighted by the circle, it is supposed that the broken part was disconnected from the electrode.
The very low appearance of the graphene layer (area covered under the black circle in Fig. 5(a) ) on the topography image is plausible because the graphene film is very thin and it is not easy to get better contrast at room temperature and under uncontrolled conditions. The current image Fig. 5(b) shows better contrast as compared to the topography. The central bright part is the Au-electrode and the graphene layer is located on both sides of this electrode having step edges and edges. The step edges can be formed either because of folding of the graphene layer on that part or there may be the presence of more than one layer. Figure 5(d) represents the line profiles that correspond to edges (solid and dashed) and step edge (dotted) in the current image Fig. 5(b) . These edges strongly affect the electronic properties of the 
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Ahmad et al. J. Appl. Phys. 110, 054307 (2011) graphene layer. 31 In Fig. 5(b) , the dark part surrounding all around the graphene layer is the SiO 2 substrate, as it is insulating. The horizontal dark lines in the graphene layer are attributed to the unstable electric contact between the tip and sample. The line profile at the edges and step edge show different behaviors, as shown in Fig. 5(d) . While the solid one shows stepwise decreasing, the dashed one has sharp peak just at the edge. This may be because of the presence of different edge states as earlier experimental works as well as theory reports that graphene has two types of edges; one is zig-zag and the other is arm chair. Only the zig-zag edge is mainly responsible for edge state and causes high conductance in graphene. 16, 32 Therefore, the peak of the red line profile is considered as edge state of the zig-zag edge. On the other hand, at some step edges, one can see the lower layer graphene has lower conductance than that in the flat region, as shown in the dotted line profile in Fig. 5(d) . This can be explained by the binding interaction between the layers. Similar behavior was observed by Banerjee et al. 16 According to their report, the interlayer bonding near the edge attracts the p-orbital electrons in lower layer, causing depletion of charge and lower conductance in that region. The measurements were performed in the constant force mode that means similar contact between the tip and sample surface on each part of the graphene film. As one can see the current map Fig. 5(b) , local conductivity on the flat graphene surface as well as on the Au-electrode is not uniform as the brightness is partially missing from some parts. For this it can be argued that there may remain some photo resist used in sample preparation on some parts of the graphene layer as well as on the electrode, which leads to bad electrical contact and results in low conductance.
In order to improve topography and to confirm the conductivity difference on wrinkles, we selected a small area for scanning as shown in Fig. 6(a) . But again here the topography did not show a good sign of the graphene layer as presented by the LFM image Fig. 6(c) . It is well known that the graphene layer has very low frictional force compared with the other surface. 33 Small sized wrinkles were formed on the whole area under investigation as are visible in the LFM image. The current image again gave better contrast as compared to the topography discussed earlier. It is shown that a large wrinkle (indicated by a black circle in Fig. 6(a) ) made clear current discontinuity in Fig. 6(b) . It is remarkable that two different parts at the border of the wrinkle have different local conductances even though they are electrically connected. We believe that this behavior shows the ballistic electronic behavior of the graphene. Through scanning tunneling spectroscopy, it was found that a three-for-six triangular pattern of atoms on wrinkles provides a sufficient perturbation to break the sixfold symmetry of the graphene lattice and lowers the local conductance due to modification of band structure. 3 Our results also suggest that wrinkles play an important role in decreasing the electrical conductance of graphene sheets. The difference of the contrast between the left and right side along the wrinkle can be explained as a symmetry breaking and incoherence of the carrier on the wrinkle, which causes the difference in the conductance. The electrons incident on the wrinkle are expected to be reflected or scattered by the abrupt band structure change, and the other side of the wrinkle have a low possibility to find the electrons. According to Geim and Novoselov, ballistic transport occurs on the sub-micrometer scale (up to 300 nm) in chemically doped graphene at 300 K. 34 A theoretical study reported that graphene strips can exhibit robust ballistic conductance at micron distances even in the presence of edge and substrate-induced disorders. 35 The mean free path of the ballistic motion in our sample is expected to be in the scale of the length (500 nm) where the contrast changes gradually in the image Fig. 6(b) , which is in agreement with others. 34, 35 
IV. CONCLUSION
We studied the local conductivity on graphene film by the application of C-AFM. The formation of individual domains on CVD grown graphene was confirmed by FE-SEM and topography. These domains show different conductivities when the tip moves from one domain to other. Some domains were highly conductive and others show high resistance to the applied bias. Dips in conductivity were observed at the boundary between domains. Current mapping of exfoliated graphene gave clear indications of drastic changes of conductivity on step edges and wrinkles in comparison to flat film. Wrinkles and step edges cause drastic current changes in comparison to plane film. Presence of different edge states is observed with the appearance and disappearance of current along the same edge. In our opinion, these experimental observations by combining with existing theories will lead to a better understanding of graphene layer.
